Pierre Thuéry. Metal-organic frameworks built from alkali metal ions (Li+-Cs+) and 1,2,3,4-cyclobutanetetracarboxylic acid. CrystEngComm, Royal Society of Chemistry, 2014, 16 (9) (6) contains the other ligand isomer, it displays a coordination mode and an overall architecture similar to those in 5, but for the quite different cation coordination polyhedron, which is a distorted dodecahedron with triangular faces. Finally, [Cs(t-H 3 cbtc)] (7) displays the highest coordination number and ligand denticity in the series, both equal to 10. The cation coordination polyhedron is derived from the cuboctahedron through removal of two vertices in a square face. The {4 24 ·6 4 } network formed contains chains of tightly packed Cs + cations with face-sharing coordination polyhedra, thus confirming the prevalence of face-sharing subunits previously noticed in the case of the heavier alkali cations. With packing indexes larger than 0.80 in the whole series, none of these 3D frameworks exhibits appreciable porosity.
Introduction
The use of s-block (alkali and alkaline-earth) metal cations in the design of metal-organic coordination polymers or frameworks, although less developed than that of d-block cations, has aroused much interest in the past years, and it has recently been thoroughly reviewed. 1 A large array of two-and three-dimensional assemblies involving alkali metal ions and various ligands, among which polycarboxylic acids are prominent, has thus been characterized, 2 with potential applications as porous materials for gas storage, separation or catalysis. 1 In particular, the lighter alkali element, Li, as well as Mg among the alkaline-earth series, can be used to synthesize lightweight frameworks enabling the optimization of the gravimetric capacity for gas uptake, a property of much relevance for hydrogen storage; 1,2l,m,p,3 Mg-based porous compounds suitable for CO 2 uptake were also described.
3d,4
Besides the network-building role of these cations, it was also shown that the hydrogen, carbon dioxide or methane uptake by porous frameworks based on other metal cations could be increased upon reductive doping with Li, Na or K. 5 From the point of view of structural chemistry, an appealing characteristic of both s block columns is that they provide a set of cations with the same charge, but differing radius and electronegativity, whose interaction with carboxylate ligands is essentially ionic (the complexes formed may thus be designated as salts). For a given ligand, the variations in coordination number among each column, from typically four for Li + up to twelve O (34 mg, 0.81 mmol) were dissolved in demineralized water (1.5 ml). The solution was allowed to evaporate slowly, giving colourless crystals of complex 2 in low yield within two months.
[Na(t-H 3 cbtc)] (3). 1,2,3,4-Cyclobutanetetracarboxylic acid (23 mg, 0.10 mmol), NaNO 3 (34 mg, 0.40 mmol), and demineralized water (1 mL) were placed in a 10 mL tightly closed glass vessel and heated at 180°C under autogenous pressure for two weeks. The solution was then allowed to evaporate slowly at room temperature, giving colourless crystals of complex 3 in low yield within one month.
[K 2 (c-H 2 cbtc)(H 2 O) 4 ] (4). 1,2,3,4-Cyclobutanetetracarboxylic acid (47 mg, 0.20 mmol) and KOH (23 mg, 0.41 mmol) were dissolved in demineralized water (1.5 ml). The solution was allowed to evaporate slowly, giving colourless crystals of complex 4 within one month.
[K(t-H 3 cbtc)] (5). 1,2,3,4-Cyclobutanetetracarboxylic acid (23 mg, 0.10 mmol), KNCS (20 mg, 0.21 mmol), and demineralized water (3 mL) were placed in a 15 mL tightly closed glass vessel and heated at 180°C under autogenous pressure for one week. The solution was then allowed to evaporate slowly at room temperature, giving colourless crystals of complex 5 in low yield within two months.
[Rb(c-H 3 cbtc)] (6). 1,2,3,4-Cyclobutanetetracarboxylic acid (23 mg, 0.10 mmol) and RbCl (25 mg, 0.21 mmol) were dissolved in demineralized water (1.5 ml). The solution was allowed to evaporate slowly, giving colourless crystals of complex 6 in low yield within two months.
[Cs(t-H 3 cbtc)] (7). 1,2,3,4-Cyclobutanetetracarboxylic acid (23 mg, 0.10 mmol), CsNO 3 (80 mg, 0.41 mmol), and demineralized water (1 mL) were placed in a 10 mL tightly closed glass vessel and heated at 180°C under autogenous pressure for one month. The solution was then allowed to evaporate slowly at room temperature, giving colourless crystals of complex 7 in low yield within one month.
Crystallography
The data were collected at 150(2) K on a Nonius Kappa-CCD area detector diffractometer 13 using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). The crystals were introduced into glass capillaries with a protecting "Paratone-N" oil (Hampton Research) coating. The unit cell parameters were determined from ten frames and then refined on all data. The data (combinations of φ-and ω-scans with a minimum redundancy of 4 for 90% of the reflections) were processed with HKL2000. 14 Absorption effects for compounds 4-7 were corrected empirically with the program SCALEPACK. 14 The structures were solved by direct methods with SHELXS-97, expanded by subsequent Fourier-difference synthesis and refined by full-matrix least-squares on F 2 with SHELXL-97. 15 In the absence of a suitable anomalous scatterer, the Friedel pairs were merged for compound 1. All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms bound to oxygen atoms were found on Fourier-difference maps in all compounds but 7, in which the three protons are likely disordered over the four possible sites. In complexes 5 and 6, the hydrogen atom bound to O1 was given an occupancy parameter of 0.5 for charge equilibrium and to account for its closeness to its image by symmetry. The carbon-bound hydrogen atoms were introduced at calculated positions. All hydrogen atoms were treated with a riding model, with an isotropic displacement parameter equal to 1.2 times that of the parent atom. Crystal data and structure refinement parameters are given in Table 1 and selected bond lengths are listed in Table 2 . The molecular plots were drawn with ORTEP-3 16 and
This journal is © The Royal Society of Chemistry 2014 the views of the packings were prepared with VESTA. 17 The topological analyses were performed using the program TOPOS.
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Results and discussion
Obtaining single crystals of the alkali metal salts of H 4 cbtc of sufficient quality for structure determination proved more difficult than expected, and the complexes for the complete alkali metal cation series could not be crystallized under identical conditions. As indicated previously (see Experimental), H 4 cbtc is originally in the cis,trans,cis form (c-H 4 cbtc) and the complexes obtained at room temperature (4 and 6) retain this form. The other complexes were crystallized either under hydrothermal conditions (180°C) or from evaporation at room temperature following a period of heating at 180°C. In these cases, as previously noticed in the case of lanthanum 10 and uranyl 11 complexes, H 4 cbtc undergoes isomerization into the trans,trans,trans form (t-H 4 cbtc), likely as a result of the formation of carbanions through acid-base equilibrium, followed by pyramidal inversion. The role of temperature in the present experiments is thus primarily to promote the ligand isomerization. The lithium complex [Li 2 (t-H 2 cbtc)(H 2 O) 2 ] (1) was crystallized at 180°C, and its structure is shown in Fig. 1 . The two crystallographically independent lithium atoms are in similar environments (the complex possesses a plane of pseudo-symmetry), and the cyclobutane ring is in a puckered conformation. Each of the cations is chelated by two carboxylic/ate groups adjacent to one another on the cyclobutane ring, one of them bridging the two cations, thus forming two seven-membered chelate rings. The last carboxylic group is uncoordinated, resulting in, overall, only half the ligand being involved in complexation, in the μ 2 , κ (17) and 2.023(9) Å, respectively, are in agreement with the average values for comparable bonds in the CSD, 1.97(9) and 2.05(9) Å (the latter for bridging water molecules). The coordination polymer thus formed is two-dimensional (2D) and parallel to the ab plane, with the total point (Schläfli) symbol {12 3 } 2 {12} 3 (the first symbol for the cations and the second for the three ligands). A simplified view of the network is given in Scheme 2, which shows the presence of {[Li(H 2 O)] n } n+ chains comprising vertex-sharing coordination polyhedra, directed along the a axis, with adjacent chains along the b axis being linked to one another by the t-H 2 cbtc 2− anions. Because these anions are located alternately above and below the mean assembly plane, the sheets have a corrugated aspect, and, due to their tight packing along the c axis direction, the overall structure is quite compact, with a Kitaigorodskii packing index (KPI, estimated with PLATON 19 ) of 0.80, indicating that no significant free space is present. The two carboxylic protons bound to O4 and O6 are involved in hydrogen bonds with the carboxylate atoms O2 and O7 of an adjacent sheet, while two among the four hydrogen bonds formed by the water molecules with carboxylic/ate groups are also inter-sheet ones.
In the case of lithium, it was also possible to grow crystals of the complex with H 4 btc, the aliphatic analogue of H 4 cbtc, which is different from the two complexes recently reported. 2x The asymmetric unit in the structure of Complex 2 was obtained in water at room temperature, in contrast to the other two lithium complexes with the same ligand, which were synthesized at 90°C from a 1 : 1 mixture of water and N,N-dimethylformamide. This may explain the presence of one extra lattice water molecule in 2, since syntheses in water at high temperature are likely under thermodynamic control and entail an entropy-driven decrease in water content upon temperature increase. 21 The main part of the ligand, including atoms O1, O2, their symmetry equivalents and the six carbon atoms in between, is nearly planar, with an rms deviation of 0.062 Å only, and the other two carboxylate groups are nearly orthogonal to this plane, with a dihedral angle of 82.00(4)°; a similar conformation was found in the uranyl ion complex of btc 4− . 11a In spite of the high connectivity displayed by the ligand in 2, the assembly formed is only 2D, with a layer thickness of about 11 Å, and it contains tetranuclear subunits with both vertex-and edge-sharing coordination polyhedra. } 2 {4} 2 , while the complex including dimethylammonium counterions is 1D. The sheets in 2 display water ligands pointing outward on both sides, and they are connected to one another by hydrogen bonding interactions involving carboxylate acceptors; the KPI is 0.81
Scheme 1 Coordination modes of H (4−x) cbtc
x− in compounds 1 and 3-7.
Scheme 2 Nodal representations of the networks in the lithium complexes 1 (top) and 2 (bottom). Orientation identical to that in Fig. 1 and 2 . Green, Li; red, O; light blue, centroid of the cbtc or btc ligand. (0.77 with solvent excluded) and it indicates that no free space is present. The difference in the deprotonation degree between complexes 1 and 2 may be ascribed to the synthesis having been done with a much larger excess of LiOH in the latter case (however, the high temperature in the synthesis of 1 is likely to increase the ligand acidity); unfortunately, the conditions leading to complex 2 did not give any result with H 4 cbtc. The sodium complex [Na(t-H 3 cbtc)] (3) crystallized upon evaporation following a period of heating and, as a consequence, it involves the isomerized ligand; it is particularly simple since it contains no water molecule. The asymmetric unit corresponds to one formula unit, with the Na + cation chelated by two carboxylic/ate groups of one ligand (with the cyclobutane ring in a slightly puckered conformation), as Li + in 1, and further bound to four oxygen atoms pertaining to three other ligands, one of them being chelated through two carboxylic/ate groups (Fig. 3) . The Na-O bond lengths are in the range 2.3457 (11) 5). The former was crystallized directly at room temperature and thus involves the cis,trans,cis form of the ligand, whereas the latter was crystallized after a period of heating and contains the trans,trans,trans isomer. The asymmetric unit in complex 4 contains one potassium cation in general position and half a c-H 2 cbtc 2− ligand, the other half being generated by an inversion centre, and the butane ring being planar (Fig. 4) . The cation is bound to only three carboxylic/ate oxygen atoms and to four bridging water molecules, with K-O(carboxylic/ate) and K-O(water) bond lengths in the ranges 2.7359 (13) (Fig. 4) ; these subunits are connected to one another along the direction of the a axis by the centrosymmetric c-H 2 cbtc 2− ligands (KPI value of 0.89). Overall, the network has the total point symbol {4 the second for K + and the third for the water molecules), and it is represented in simplified form in Scheme 4. The asymmetric unit in complex 5 comprises one potassium ion located on a twofold rotation axis and half a t-H 3 cbtc − ligand, with one carboxylic proton necessarily disordered (see Experimental). The cation is chelated by two ligands through two adjacent carboxylic/ate groups, as in 3, and it is bound to four more oxygen atoms, thus connecting six ligands, with K-O bond lengths in the range 2.8117(9)-3.0570(9) Å [average, 2.90(9) Å], and resulting in an eightcoordinate, distorted square antiprismatic environment (Fig. 5) . The ligand, in a puckered conformation, is once more bis-chelating, but the groups involved are not adjacent to the cyclobutane ring; overall, each ligand connects six cations, as in 4, in the μ 6 , κ 8 mode. A 3D framework is formed, with the total point symbol of {4
12
·6
3 } which corresponds to the common topological type pcu alpha-Po in the topos&RCSR database 18 (Scheme 4), and a KPI value of 0.82.
The rubidium complex could be crystallized only under room temperature conditions and it thus contains the cis, trans,cis isomer. The asymmetric unit in [Rb(c-H 3 cbtc)] (6) contains half a formula unit, the Rb + cation being located on a twofold rotation axis and the ligand admitting also twofold rotation symmetry (Fig. 6) . In contrast to complex 4, the cyclobutane ring is slightly puckered, with an rms deviation of 0.073 Å. The cation is chelated by two ligands through two carboxylic/ate groups (one proton being disordered, see Experimental) in a cis relative position, which was not observed with potassium in 4, and it is also bound to four oxygen atoms from four different ligands. It is notable that, in contrast to the former complexes, chelation is very dissymmetrical, with the Rb-O3 bond being larger than Rb-O1 by 0.58 Å. 2.99 (14) Å]. The eight-coordinate environment is quite irregular but, with 18 edges and 12 triangular faces, four vertices pertaining to five faces and the other four to four faces, it can best be viewed as a very distorted dodecahedron with triangular faces as described by Moseley, 22 or snub disphenoid (Johnson solid J84). 23 While the cation is thus bound to six different anions, each of the latter connects six cations (μ 6 , κ 8 mode), and a 3D framework is generated, with a total point symbol and topological type identical to those of complex 5 (KPI value 0.81). In spite of different isomers of H 3 cbtc being present in 5 and 6, the assemblies formed are thus very close to one another, the connectivity of the ligands being identical; in contrast, the connectivity is different in 4 and 6, although they contain the same ligand isomer. The structure of the last complex, [Cs(t-H 3 cbtc)] (7), which involves the all-trans isomer, is plagued by disorder effects. The asymmetric unit comprises two cesium atoms, each of them located on the fourfold rotation axis (1/4, 1/4, z) and twice a fourth of the ligand, the complete molecules, in puckered conformations, being generated by the fourfold rotoinversion axes, and the carboxylic protons being thus necessarily disordered (Fig. 7) . Some disorder affects one carboxylic/ate group, but the two positions appeared clearly only for atom O4, and are denoted O4a and O4b; the displacement parameter of the associated carbon atom is quite anisotropic, but atom O3 does not show any sign of disorder. Atoms O4a and O4b are at bonding distances from atoms of the Cs2 and Cs1 families, respectively (while O3 is only bound to Cs1), so that, among the eight positions for atom O4 in the complete ligand, four are possibly bound to Cs1 and the other four to Cs2 (or their equivalents). Each cation has thus been assumed to be bound to two of these disordered atoms, and a set of possible positions for these is shown in Fig. 7 . Both Cs1 and Cs2 are thus bound to ten oxygen donors, with O1 and four of its symmetry equivalents bridging. The Cs-O(carboxylic/ate) bond lengths span the range 3.0808(15)-3.4362(16) Å [average, 3.20(12) Å, in agreement with the average value from the CSD, 3.18(15) Å]. The uncertainties due to the disordered atoms prevent the precise determination of the cation coordination environment geometry. The two cations have a common square face (O1 and its symmetry equivalents) and they are close to the centre of a nearly square planar arrangement of donors (O3 and O2, respectively, and their symmetry equivalents), with the two squares for each cation being staggered. If the four atoms of the O4 family were present, the geometry would be that of a distorted cuboctahedron; the actual geometry can thus be seen as derived from that through removal of any two vertices in a square face. Each cation is bound to either 8 (Cs1) or 6 (Cs2) ligands. The ligand containing O1 and O2 is both chelating (seven-membered ring) and bridging, but that containing O3 and O4 is chelating through O4b and only bridging through O4a; the first ligand thus connects 8 metal atoms in the μ 8 , κ 8 mode (Scheme 1), while the second ligand connects six metal atoms in the μ 6 , κ 8 mode. A 3D framework is generated, which is built of columns of tightly packed cesium atoms running along the c axis direction and bound to one another by columns of ligands with the cyclobutane rings parallel to the ab plane. If disordered effects were disregarded (i.e. if Cs2 was considered to be bound to the four atoms of the O4 family), the total point symbol would be {4 
